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Abstract

:

In this study, the effect of fine blast furnace slag powder (SP) and limestone powder (LSP) as a mineral admixture in shotcrete using monocalcium aluminate (CA) as a quick-setting accelerator was evaluated. The shotcrete was prepared with up to 25 wt.% substitutions of mineral admixture, i.e., (SP and LSP), and then the CA accelerator was incorporated by 5 wt.% of binders. To examine the optimal mixing ratio for mineral admixture in shotcrete, penetration resistance, compressive strength, XRD analysis, and MIP analysis were performed on the mortar. On the other hand, compressive strength test, chloride diffusion coefficient, and freeze–thaw resistance were conducted on concrete to evaluate the field applicability of shotcrete. The study revealed the addition of LSP improved setting time and early compressive strength while the addition of SP increased long-term compressive strength. With the addition of both SP and LSP, the early and long-term strength was increased due to the influence of the properties of each admixture. Furthermore, the addition of SP and LSP improves the resistance of shotcrete to chloride ions and freeze–thaw.
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1. Introduction


Shotcrete or spray concrete is conveyed by spraying mortar or concrete onto the construction surface at high velocity. This technique is widely used for the stabilization of inclined surfaces and tunnel construction. Therefore, shotcrete requires rapid setting and rapid strength development [1,2]. In order to improve the early strength of shotcrete, it is essential to use an accelerator to minimize dust and rebound [3,4,5]. The agents used as an accelerator are formulated with an alkaline system, alkali-free system, and alkali silicate system. However, the long-term strength and durability performance of shotcrete can be affected by the presence of excessive alkali content in the system; therefore, the use of alkali-free accelerators is often preferred [6]. The non-alkaline accelerators consisting of calcium sulfo-aluminate or calcium aluminate are mainly used in dosage of up to 12% [7]. Calcium aluminate accelerators are mainly composed of C12A7 (Mayenite), monocalcium aluminate (CA), and grossite (CA2), which are minerals whose main components are Ca and Al. Among these accelerators, CA has a significant influence on the cement strength, and the hydration reaction proceeds step by step, as shown in Equation (1) [6].


   CA    →   CAH   10     →      C   2    AH  8  +   AH  3    →      C   3    AH  6  +   AH  3   



(1)







The use of an accelerator for rapid setting may ensure the stability of the construction unit through rapid strength development; however, in the case that there is a problem in adjusting the quick setting time, it may cause blockage of the pressure pipe and equipment failure. Therefore, the method to control the setting time is required. Generally, the calcium sulfate dihydrate (CaSO4·2H2O) or anhydrous gypsum (CaSO4) is added to control the setting time of Portland cement (OPC). This is because CAH10, a hydrated product of CA, reacts in the presence of calcium hydroxide (CH), an OPC hydrated product, as shown in Equation (2) [7].


    CAH   10   + 2 CH + 3   Ca · SO  4  + 14  H    →  C 3  A · 3   CaSO  4  ·  H  32    



(2)







In case when CH and CaSO4 are not supplied, the CAH10 will react to form C2AH8 and C3AH6, thereby reducing the strength. However, the supply of CH and CaSO4 from OPC in a certain range contributes to the formation of stable ettringite and improves the early strength. It also has been reported that CH and CaSO4 themselves promote the hydration reaction of CA [8]. Based on such a hydration reaction process, shotcrete using a CA accelerator is used in many tunnels.



Recently, shotcrete has been applied to areas directly exposed to seawater, such as undersea tunnels, and the durability of shotcrete is emerging to ensure the safety of structures [9]. Studies have been conducted on the use of mineral admixtures such as blast furnace slag (SP) and fly ash for shotcrete. Especially, SP has a potential hydraulic property and is known to contribute to the improvement of the long-term strength and durability of cement-based composite materials. On the other hand, incorporation of SP as a mineral admixture in shotcrete can affect the strength, and that may occur during the transition from CAH10 hydrate to C3AH6 by CA [10].



For the formation of C3AH6 from CAH10, Ca ions must be absorbed from the surroundings. However, with the hydration reaction of SP, the gehlenite hydrate, or C2ASH8 in the form of stratlingite develops, which interrupts the formation of C3AH6. In order to examine this mechanism, various studies have been conducted in which SP is incorporated into CAC. Edmonds et al. [11] studied the mixture of CA and SP and showed that the addition of SP C3AH6 was not produced at all after 60 days. As a result of conducting a transition reaction promotion test to C3AH6, Gosselin [12] reported that the addition of SP did not completely prevent the production of C3AH6 but effectively inhibited the production of C3AH6 as C2AH8 was produced.



Owing to the lower specific gravity of limestone powder (LSP), the volume of the paste and the distance between aggregate particles increase. Therefore, if an optimal proportion of LSP is incorporated in concrete, the workability of concrete can be improved, and W/B required to obtain the same workability can be reduced [13]. Schmidt et al. [14] showed improved workability of concrete when LSP content was below 17%. In the study by Moir et al. [15], the concrete obtained good workability when LSP content was below 20%. Furthermore, it has been reported that using LSP, which has higher fineness than OPC, can improve clinker reactivity, and can reduce the initial hydration reactivity caused by the nucleation effect [13].



Cussino et al. [16] conducted a study to explore the effects of LSP on the properties of concrete incorporating a CA accelerator. The study revealed that when LSP was added to OPC, monocarbonate (C4ACH11), which is a carbonate hydrate, was produced, which interrupted the transition of CAH10 to C3AH6. A similar phenomenon is shown in the study by Fentiman et al. [17], who discovered that the monocarbonate phase could have a positive effect on long-term durability.



Meanwhile, shotcrete is a rapid-set material having a reaction mechanism similar to concrete. In addition, it is expected to improve workability and economic efficiency by using admixtures such as SP and LSP. In addition, applicability may be increased by examining the non-hardened properties, compressive strength, durability of the shotcrete, but related studies are insignificant. In particular, LSP does not only works as a filler but also improves reactivity with CA, as reported in referenced studies [18,19]. Therefore, it is judged that it is necessary to study the effect.



Therefore, this study attempted to examine the effect of SP and LSP on the hydration reaction and mechanical properties of shotcrete using a CA setting accelerator. First, the effect on the hydration reaction was analyzed through the micro-structure analysis of the shotcrete binder (Mortar) according to the mixing rate of SP and LSP. After that, the effect of SP and LSP on durability was evaluated by examining the compressive strength, chloride diffusion coefficient, and freeze–thawing of shotcrete (concrete) containing CA as an accelerator, and, finally, the field applicability of shotcrete was examined.




2. Materials and Methods


2.1. Materials


In this study, Type 1 Portland cement (OPC, density: 3140 kg/m3, fineness: 348 m2/kg) was used as cement, ground granulated blast-furnace slag (SP, density: 2900 kg/m3, fineness: 414 m2/kg), and Limestone powder (LSP, density: 2800 kg/m3, fineness: 745 m2/kg) were used as a mineral admixture. Powder-type products (SC, density: 3010 kg/m3, and fineness: 502 m2/kg) containing CA, which is an alkali-free based material, were used as an accelerator. The chemical composition of these materials is shown in Table 1.



ISO Standard sand (density: 2620 kg/m3, SiO2: 99%, 0.08 mm passage amounts: 0.04%) was used as a fine aggregate to synthesize mortar [20]. While crushed sand (FM: 3.03, density: 2560 kg/m3, absorption: 0.64%) and crushed granular aggregate (size: 10 mm, density: 2650 kg/m3, absorption: 1.36%) was used to prepare concrete. To ensure working performance of concrete, the superplasticizer polycarboxylic acid group (density: 1218 kg/m3, solid content: 43.2%) was used.




2.2. Experimental Plan and Mix Proportion


The effect of CA accelerator on the hydration reaction of shotcrete in which the cement is replaced with a mineral admixture and the effects on the properties of a mortar and concrete for shotcrete was analyzed. As shown in Table 2, the test specimens prepared in series I are mortar specimens. In order to examine the effect of each mineral admixture, the SP 10% (SP10), 20% (SP20), and LSP with 5% (LSP5) and 10% (LSP10) was substituted with OPC by mass. The amount of CA accelerator for all specimens was fixed at 5% of the amount of binder. Hydrate analysis and pore structure analysis were performed through X-ray diffraction (XRD) analysis and Mercury intrusion porosimetry (MIP), respectively, and the mechanical properties of the specimen were evaluated through penetration resistance and compressive strength.



In order to examine the applicability of concrete, test specimen in Series II was set up by substituting OPC with 25% SP (SP25) and with 20% SP and 5% LSP (SP20LSP5). Similar to mortar, the amount of CA accelerator for all specimens was fixed at 5% of the amount of binder in concrete. The compressive strength, chloride ion penetration test, and freeze–thawing tests were conducted on concrete.



Table 3 shows the mix proportion for mortar. In order to prepare the mortar specimens, the dry-mix composed of 1350 g of sand and 450 g of binder was blended, then 225 g of water was added and mixed thoroughly for 5 min at approximately 21 °C. After 5 min of mixing, 22.5 g (5%, B × %) of accelerator was added and mixed the paste for 30 s.



Table 4 shows the mix proportion of concrete for shotcrete. Mixing of shotcrete was performed in accordance to ASTM C1436-13 [21], and some of the mix proportion was slightly changed by pre-experiments. To prepare concrete, the W/B = 0.43 and S/a = 60% was used. The concrete was prepared by dry-mixing binders, fine aggregate, and coarse aggregate, then pouring water and sufficiently mixing for 5 min, then adding an accelerator and re-mixing for 30 s at approximately 20 °C.





3. Results and Discussion


3.1. Properties of the Mortar


3.1.1. Test Methods of Mortar Experiment


XRD was performed according to ASTM C1365 as a method for analyzing the hydration product of mortar for shotcrete [22]. Each sample was subjected to air curing for 1, 8 h and 1, 7, 28 days after the addition of a quick setting accelerator agent at 21 ± 1 °C and 85 ± 10% R.H. Then samples were immersed in acetone for 24 h to stop the hydration reaction. Finally, each sample was dried at 40 °C for 48 h. Analysis conditions were set at 2.4°/min range 5–65° under 40 kV and 250 mA and quantitatively analyzed using the Rietveld method. The mineral volume was quantitatively analyzed using thermogravimetric analysis (TGA) and differential thermal analysis (DTA). The pore structure of the shotcrete mortar was analyzed by using Mercury intrusion porosimetry (MIP) according to ASTM D4404 [23]. The setting time of Mortar was performed in accordance with ASTMC C403/C403M, and the penetration resistance was measured at 1, 3, and 5 min after the addition of the quick setting accelerator agent. The compressive strength of mortar was measured in accordance with ASTM C109/C109M using a universal test machine (UTM) [24,25].




3.1.2. Analysis Result of Hydrate and Pore Distribution


XRD patterns of mortars after 1 day of curing and 28 days of curing are shown in Figure 1. The hydration reaction of cement affects the overall performance of the material, such as setting time and compressive strength, and the predominant chemical reaction at each age can be inferred by analyzing the reaction product produced by the hydration reaction. In all specimens, the peaks of Alite and Calcite, ettringite (Aft, (CaO)6(Al2O3)(SO3)3∙32H2O) monocarbonate (AFm, C3A·CaCO3·11H2O) and Portlandite (CH, Ca(OH)2) as crystalline hydrates were observed. In addition, the traces of hemicarbonate (C3A·0.5CaCO3·12H2O) and monosulfate (Ca4Al2SO4(OH)12) were also observed.



Figure 2 shows the number of hydration phases in each binder type. Among the analyzed hydrates, the amount of AFt, AFm, and CH phases produced, with a clear difference, was selected as the basis.



In the case of mortar mixed with SP, there was no significant difference in weight of AFt and AFm products compared to OPC at 1, 8H ages, but CH products tended to be lower at 1, 8H. In 1 day of curing, it was confirmed that the AFt products were about 1.3% lower in both SP20 and 10. In the case of AFm products, it was confirmed that SP10 was 0.7% and SP20 was 1.5% lower. However, it was confirmed that there was no significant difference in the amount of AFt and AFm products in 28 days of curing. On the other hand, it was confirmed SP10, SP20 specimens tended to have a smaller amount of CH products than OPC specimens regardless of age. In particular, there was the biggest difference in the 1-day curing. This phenomenon is because the initial reactivity of the binder decreases due to the incorporation of SP, which has a slow reactivity, along with a decrease in the amount of OPC incorporated with the addition of SP. As a result, the production of AFt and AFm, which are the main hydrates in the initial stage of the reaction, decreases overall. In addition, the reason the amount of CH production is lower than that of OPC is because CH is consumed during the reaction of SP.



In the case of LSP mixed specimens, the amount of AFt amount was similar to that of OPC and SP specimens at 1, 8H curing. However, in 1-day curing, LSP5 was 1%, and LSP10 was 2.8% higher than the OPC specimen and 2.5 to 4.5% higher than the SP specimens. In 7 days of curing, LSP5 was found to be about 0.5% larger, and LSP10 was about 1% larger than OPC and SP specimens. In 28 days of curing, all of the OPC, SP, and LSP specimens showed similar AFt product amounts. On the other hand, in the case of the AFm, it was confirmed that the LSP specimens were smaller than the OPC and SP specimens at the initial age (1, 7 days), while it was further increased at 28 days curing. Through this, it was confirmed that the incorporation of LSP generates a large amount of AFt at the initial age, and it was found that it did not significantly affect the generation of CH.



The AFt production of SP20LSP5 was slightly higher at the initial age (1 day, 7 days) than OPC but showed a lower tendency at the 28 days. It is inferred that when LSP was added, AFm in the form of a more stable monocarbonate type was generated, and thus monosulfate was reduced, which affected the AFt production. As a result, the addition of LSP is not effective for the formation of monocarbonate (AFm) and helps improve the initial reactivity of hydration by the nucleation effect. Furthermore, the stabilization of LSP and reaction with aluminate minerals improved the pore of the matrix [26].



The MIP results of the shotcrete binder containing SP and LSP obtained after 28 days of curing are shown in Figure 3 and Table 5. The pore size is classified into large capillary pores (0.05–10 μm), medium capillary pores (0.01–0.05 μm), and Gel pores (0.01 μm or less) [27].



With increasing SP content, the capillary pores and gel pores were decreased, suggesting the formation of a denser matrix, which is possibly due to the latent hydraulic reaction of SP forming C-S-H. Furthermore, the particle size of SP is comparatively smaller than that of OPC, which owing to its filling effect reduced the capillary pores [28,29].



Upon addition of LSP, no clear difference in pore distribution of the LSP5 sample and OPC sample can be observed, but the LSP10 sample reduced gel pores and capillary voids by about 10%. The addition of LSP reacts with the aluminate phase in the OPC and forms carboaluminate, which thereby stabilizes the ettringite and reduces the gel pores as well as capillary pores because it also reacts with the aluminate mineral contained in the slag or pozzolan material to reduce the voids [30,31].



In the case of SP20LSP5, it was confirmed that capillary voids were significantly reduced compared to OPC. This is associated with the formation of C-S-H, filling effect due to the latent hydraulic property of SP, ettringite stabilization by LSP, and reaction with aluminate minerals [32].




3.1.3. Analysis Result of Penetration Resistance and Compressive


The penetration resistance of mortar is shown in Figure 4. From the results, it is confirmed that the penetration resistance of SP substituted mortar is almost the same as that of OPC. Additionally, no significant effect on the setting of mortar containing up to 20% SP is observed. The penetration resistance of the LSP5 sample is not significantly different from that of the OPC. However, the LSP10 specimens showed a penetration resistance value that was 15 kgf/cm2 higher than OPC in 5 min. On the other hand, the SP20LSP5 specimen showed a penetration resistance value of about 25 to 30 kgf/cm2 higher than that of OPC at 1–5 min. Therefore, it was confirmed that the hardening time decreased when LSP and SP were mixed together. Therefore, it is considered that there will be a blending effect that affects the hardening time.



As shown in Figure 5, the early strength of the SP-mixed test specimen was found to be about 20 to 30% lower than that of OPC, but 28 days strength increased than the strength of OPC. This is believed to be due to the Latent Hydraulic Activity of SP. The 1-day compressive strength of the specimens containing LSP was higher than OPC, but the compressive strength at the age of 7 and 28 days was observed to be lower than OPC. On the other hand, the SP20LSP5 specimen tended to be similar or higher than the strength of OPC specimen in all ages, and no decrease in strength due to mixing of the mixture was observed considering measurement errors.



In order to analyze the effect of SP and LSP on 28 days compressive strength, the CH production and volume of the capillary pore are shown in relation to the compressive strength in Figure 6. In the sample containing SP, both capillary voids and the amount of CH production were decreased. However, the 28-day compressive strength was improved despite the decrease in the amount of CH production. Although the capillary pores of samples containing LSP were lowered than that of OPC, the 28 days compressive strength was decreased. The decreased 28 days compressive strength could be associated with the reduction of the amount of C-S-H hydrate production with the decreased OPC in a matrix, reducing the adhesion between particles.





3.2. Hardened Properties and Durability of the Shotcrete


3.2.1. Methods of Shotcrete Experiment


In order to perform the compressive strength test, the cylindrical specimens with a diameter of 100 mm and height of 200 mm were used, and the test was performed in accordance with ASTM C873 and ASTM C39, and an average value of three specimens was obtained [33,34]. The chloride diffusion coefficient of shotcrete was evaluated by NT-BUILD 492 [35]. Before executing the experiment, the central part of cylindrical specimens was cut to a thickness of 50 mm and pretreated in a Ca(OH)2 saturated solution for 24 h while the vacuum was maintained for 3 h. For the cut specimens, the anode is exposed to a 0.3 N NaOH aqueous solution (NaOH 12 g in 1 L of water), and the cathode is exposed to a 10% NaCl aqueous solution (NaCl 100 g + distilled water 900 g) to measure the initial current value when 30 V voltage is applied. The applied voltage level and time for testing were selected based on the measured current value. The chloride diffusion coefficient is calculated using Equations (3)–(5) after measuring the depth of discolored to silver gray when 0.1 M of AgNO3 solution was sprayed on the cut surface after cutting the samples.


   D  n s s m   =   R T   z F E   ×    X d  − α    X d     t   



(3)






  E =   U − 2  L   



(4)






  α = 2     R T   z F E     × e r  f  − 1     1 −   2  C d     C 0       



(5)




where Dnssm: non-steady-state migration coefficient (m2/s); R is the gas constant, R = 8.314 J/(K·mol); T is the average value of the initial and final temperatures in the anolyte solution, z is the absolute value of the ion valence for chloride, z = 1; F is the Faraday constant, F = 9.648 × 104 J/(V·mol); L is the thickness of the specimen m; U is the absolute value of the applied voltage, V, K; Xd is the average value of the penetration depths, m; t is the test duration, seconds; erf−1 is the inverse of the error function; C0 is the chloride concentration in the catholyte solution, C0 ≈ 2 N; and Cd is the chloride concentration at which the color changes, Cd ≈ 0.07 N for OPC concrete.



The freeze–thaw resistance test of shotcrete was performed in accordance with ASTM C666/C666M [36]. Visual observation and relative dynamic modulus of the specimens subjected to water curing was performed every 30 cycles so that water could be saturated in the pores of all test specimens. The relative dynamic modulus was calculated by Equation (6).


   P  c     =      n 1 2     n 2      × 100  



(6)







Here, Pc is the relative dynamic modulus (%) after the freeze–thaw C cycle, n is the initial primary resonance frequency (Hz), and n1 is the primary resonance frequency (Hz) after the c-cycle in freeze–thaw.




3.2.2. Results of Shotcrete Experiment


As shown in Figure 7, the SP20LSP5 specimen showed a compressive strength value similar to that of the OPC specimen at the initial age (1, 7 days) and a slightly higher value compared to the SP25 specimen. The sample SP25 showed slightly higher 28 days strength than OPC and SP20LSP5 samples. This can be associated with the hydration reaction mechanism of the mortar being reproduced, and the low reactivity of SP during the early reaction is compensated by the addition of LSP, and a denser microstructure is created by SP at the end of the reaction. As a result, it was confirmed that the simultaneous use of LSP and SP did not cause a decrease in the initial strength of the shotcrete but rather exhibited a strength behavior similar to that of OPC specimens.



As shown in Figure 8, the chloride ion diffusion coefficient is high for OPC (18.7 × 10−12 m2/s), followed by SP (9.4 × 10−12 m2/s), and SP20LSP5 (18.7 × 10−12 m2/s). Chloride ion diffusion in SP is about lower 50% than OPC, SP20LSP5 is about 20% lower than OPC. This could be due to the structure being densified with the addition of fine powder in blast furnace slag, and at the same time, the aluminum oxide (Al2O3) component present in the blast furnace slag reacted with the chloride ion to form Friedel salts (3CaO·Al2O3·CaCl2·10H2O). In addition, the chloride ion diffusion coefficient of the SP20LSP5 specimen is considered to be due to the filling effect of fine limestone powder with high fineness [37,38,39].



Table 6 shows the surface scaling of specimens exposed to freezing-thawing. The surface deterioration of the OPC specimen increased significantly over the course of cycles, whereas the surface deterioration of the SP25 and SP20LSP5 specimens is comparatively less. Results suggested that LSP owing to its greater reactivity, not only serves as a filler but also improves the density of the matrix [18,19].



Figure 9 shows the freeze–thaw resistance performance of shotcrete. The relative dynamic modulus of OPC decreased significantly after 60 cycles and decreased to less than 60% after 200 cycles. The SP and SP20LSP5 test specimens showed more than 90% of the relative dynamic modulus until 300 cycles without significant deterioration. Results show the samples incorporating SP and LSP improved the freeze–thaw resistance, which can be associated with the formation of dense internal structure than that of OPC [40,41].






4. Conclusions


Based on the experimental results, the following conclusion can be drawn:




	
Hydration analysis showed that the ettringite was preferentially produced by hydration reaction with CA (accelerator used for rapid setting) and the amount of CH produced was similar in all samples. In addition, LSP showed excellent performance at early ages, and when used with SP, the reactivity at the early stages of hydration was improved.



	
Incorporation of SP improves 28 days compressive strength caused by capillary pores and gel pores reduction. Partial substitution of LSP stabilized the ettringite and reduced the pores as reacted with aluminate minerals.



	
No delay in the setting of mortar was observed with the addition of SP addition, and the setting was increased as the LSP was added, increasing the penetration resistance. When the combination of SP and LSP were mixed, the setting time increased, increasing the penetration resistance and strength of shotcrete mortar.



	
Specimen containing SP and LSP together exhibits high chloride resistance and freeze–thaw resistance due to the decrease in capillary pores. The combined use of SP and LSP was found to be effective in improving the durability of shotcrete.








Through the present study, it was confirmed that when LSP and SP are simultaneously used as the CA accelerator for the shotcrete, an initial strength decrease is prevented due to a blending effect of the LSP and the SP and durability of the shotcrete is improved. However, it is judged that micro-structure analysis and synergy mechanism research through SEM is necessary to clearly identify the blending effects of LSP and SP through future research. Based on this, it is necessary to analyze field applicability, economy, and usability by actual field application experiments.
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Figure 1. Compare of XRD pattern of mortar specimens at age: (a) 1 day; (b) 28 days. 
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Figure 2. Amount of hydrate phases in each binder type: (a) Aft formation; (b) AFm formation; (c) CH formation. 
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Figure 3. MIP measurement result of binder specimens at 28 days. 
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Figure 4. Penetration resistance value of mortar specimens. 
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Figure 5. Compressive strength of mortar specimens at age. 
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Figure 6. Relationship between compressive strength and binder type of mortar specimen at 28 day: (a) Volume of capillary pore; (b) Amount of CH. 
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Figure 7. Compressive strength of shotcrete. 
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Figure 8. Chloride migration coefficient of shotcrete. 






Figure 8. Chloride migration coefficient of shotcrete.



[image: Materials 15 02495 g008]







[image: Materials 15 02495 g009 550] 





Figure 9. Freeze–thaw resistance performance of shotcrete. 
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Table 1. Chemical composition of materials.






Table 1. Chemical composition of materials.





	
Materials

	
Chemical Composition (%)




	
CaO

	
SiO2

	
Al2O3

	
Fe2O3

	
SO3

	
MgO

	
K2O

	
L.O.I e






	
OPC a

	
63.9

	
21.9

	
5.2

	
3.6

	
2.2

	
2.0

	
1.0

	
0.2




	
SP b

	
37.4

	
34.1

	
14.9

	
1.4

	
3.2

	
6.8

	
0.6

	
1.6




	
LSP c

	
43.7

	
10.9

	
3.7

	
1.8

	
0.7

	
1.3

	
1.0

	
36.9




	
SC d

	
47.8

	
3.3

	
35.1

	
0.9

	
0.1

	
0.9

	
0.2

	
11.7








a OPC: Ordinary Portland cement; b SP: Blast-furnace slag powder; c LSP: Limestone powder; d SC: Calcium aluminate accelerator; e L.O.I: Loss of ignition.
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Table 2. Experimental plan.






Table 2. Experimental plan.





	
Series

	
Specimen ID.

	
Type

	
Binder (wt.%)

	
Experimental Plan




	
OPC

	
SP

	
LSP






	
I

	
OPC

	
Mortar

	
100

	

	

	

	-

	
Hydrate analysis (XRD)




	-

	
Pore distribution analysis (MIP)




	-

	
Penetration resistance (1, 3, 5 min.)




	-

	
Compressive strength (1, 7, 28 days)










	
SP10

	
90

	
10

	




	
SP20

	
80

	
20

	




	
LSP5

	
95

	

	
5




	
LSP10

	
90

	

	
10




	
SP20LSP5

	
75

	
20

	
5




	
II

	
OPC

	
shotcrete

	
100

	

	

	

	-

	
Compressive strength (1, 7, 28 days)




	-

	
Chloride migration coefficient




	-

	
Freeze–thaw resistance










	
SP25

	
75

	
25

	




	
SP20LSP5

	
75

	
20

	
5
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Table 3. Mix proportion of Series I (Mortar experiment).
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	Series
	W/B a (%)
	B:S b
	Binder (g)
	Water (g)
	SC c (B × wt.%)





	I (Mortar)
	50
	1:3
	450
	225
	5.0







a W/B = Water/binder ratio; b B/S = Binder/sand ratio, sand is ISO standard sand; c SC = Quick setting admixture for shotcrete (calcium aluminate accelerator).
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Table 4. Mix proportion of Series II (Shotcrete experiment).
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W/B

	
S/a a (%)

	
Unit Weight (N/m3)

	
Admixture (B × wt.%)




	
Water

	
Binder

	
Sand

	
Gravel

	
AD b

	
SC c




	
OPC

	
SP

	
LSP






	
0.43

	
60

	
190

	
441

	

	

	
1015

	
695

	
1.0

	
5.0




	
331

	
110

	




	
331

	
88

	
22








a S/a: Sand/total aggregate ratio; b AD: Admixture; c SC: quick setting admixture for shotcrete (calcium aluminate accelerator).
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Table 5. Volume classification by pore size of binder type at 28 days (Series I).
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Classification of Pores

	
OPC

	
SP10

	
SP20

	
LSP5

	
LSP10

	
SP20 LSP5






	
Capillary pores

	
Large (0.05–10 μm)

	
2.39

	
2.34

	
2.15

	
2.23

	
2.36

	
2.32




	
Medium (0.01–0.05 μm)

	
5.70

	
4.52

	
4.15

	
5.66

	
5.13

	
3.02




	
Gel pores (≤0.01 μm)

	
9.79

	
8.79

	
7.93

	
10.6

	
8.76

	
8.91




	
Total pores

	
17.9

	
15.6

	
14.2

	
18.5

	
16.3

	
14.3
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Table 6. Surface scaling of shotcrete specimens exposed to freezing-thawing.
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OPC

	
SP25

	
SP20LSP5




	
0

cycle

	
120

cycles

	
210

cycles

	
300

cycles

	
0

cycle

	
120

cycles

	
210

cycles

	
300

cycles

	
0

cycle

	
120

cycles

	
210

cycles

	
300

cycles
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